Severely impaired host defense mechanisms represent the most important risk factor for invasive fungal infections (IFIs). Despite advances in antifungal pharmacology, the morbidity and mortality of IFIs remain unacceptably high ([@b1-idmm-25-327]). Appropriate antifungal therapy, proper management of the site of infection and improved host immune functions are essential to achieve successful outcome of IFIs. Clinicians' abilities to modulate and control the host immune functions are limited. In contrast, proper drug selection and dosing is entirely under the clinician's control. In clinical practice, therapeutic drug monitoring (TDM) is commonly performed in patients with bacterial infections and constitutes the standard of care for some antibiotics with a narrow therapeutic index such as vancomycin and the aminoglycosides ([@b2-idmm-25-327],[@b3-idmm-25-327]). Modification of drug dose after demonstration of inadequate exposure alters clinical outcome ([@b4-idmm-25-327]).

Triazoles constitute a significant proportion of antifungal antimicrobials commonly prescribed in Canada ([@b5-idmm-25-327]). Earlier first-generation antifungal triazoles have largely been supplanted by newer-generation extended-spectrum triazoles. Over the past decade, a considerable amount of information has accumulated about extended-spectrum triazoles following their addition to the Canadian antifungal armamentarium. Clinical experience with these agents based on standard approved drug dosing or weight-based regimens has provided insight into the importance of reproducible drug exposures and their relationship with successful clinical outcomes and drug safety ([@b6-idmm-25-327]).

The present review will focus on the relevance of TDM for extended-spectrum antifungal triazoles. First, the evidence supporting TDM indications will be presented, along with the patient populations in which clinical management supports a role for triazole TDM. Subsequently, laboratory azole-monitoring methods will be reviewed. Finally, practical recommendations regarding the application of triazole TDM will be proposed.

METHODOLOGY
===========

The authors' working group was composed of specialists with expertise in infectious diseases, hematology/oncology, transplant medicine, pediatrics, clinical pharmacy and pharmacology, clinical microbiology, and clinical and medical biochemistry. A literature review of \>1900 articles in English language available in Medline (1946 to 2013) and Embase (1974 to 2012) was undertaken using a combination of \>80 primary search terms including the following: "fungal infections adults/pediatrics", "leukemia and bone marrow transplantation", "solid organ transplantation", "pharmacokinetics and pharmacodynamics", "therapeutic serum/plasma level", "plasma levels efficacy/toxicity", "CYP2C19 interactions", "slow/rapid metabolizers", "high performance liquid chromatography" and "bioassay". Sources, methodology and MeSH terms are listed in [Appendix 1](#app1){ref-type="app"}. Sections of the planned document were assigned to primary author or coauthor pairs, who submitted separate preliminary manuscripts. These manuscripts were reviewed by the co-chair members and merged into a single draft document that was circulated among all authors for review and approval. An adapted Grading of Recommendations Assessment, Development and Evaluation (GRADE) system was used to assess the strength of the recommendation and quality of evidence (high, moderate, low and very low) to support each recommendation listed in the present review ([@b7-idmm-25-327]--[@b9-idmm-25-327]). The definitions of the quality of evidence of the GRADE system are summarized in [Table 1](#t1-idmm-25-327){ref-type="table"}. Two levels of recommendations are used: 'strong' when the benefits of the intervention clearly outweigh the undesirable effects; and 'weak' when the benefit of the intervention may be outweighed by undesirable effects.

All members of the working group complied with the Association of Medical Microbiology and Infectious Disease (AMMI) Canada policy on conflict of interest. Potential conflicts of interest are identified at the end of the document.

RATIONALE FOR TDM
=================

Pharmacokinetic and pharmacodynamic considerations
--------------------------------------------------

TDM is indicated when the standard dosing of any given drug results in unpredictable exposures, or when relationships have been established between drug exposure (plasma drug level) and either efficacy or toxicity. Without these relationships, serum drug levels have no clinical relevance. Considerable differences exist between the pharmacokinetic (PK) and pharmacodynamic (PD) properties of various triazoles. Information related to these properties is reviewed relative to the need for TDM.

### Fluconazole:

Fluconazole is available in intravenous and oral formulations (tablet and suspension). The latter exhibits excellent bioavailability ([@b10-idmm-25-327]). Indeed, after oral administration, fluconazole has a bioavailability of 90%, with essentially no first-pass metabolism ([@b10-idmm-25-327]). Absorption of fluconazole is not affected by gastric pH, fasting state, concomitant chemotherapy mucositis or gastrointestinal (GI) diseases, resulting in little variation in serum levels following oral administration ([@b11-idmm-25-327]). Fluconazole exhibits low plasma protein binding (12%) and its apparent volume of distribution (0.7 L/kg) approximates that of total body water ([@b10-idmm-25-327]) With its extensive distribution into body water and low affinity for plasma proteins, high concentrations of fluconazole are found throughout the body. The concentration of fluconazole in cerebrospinal fluid, saliva, sputum and vaginal fluid closely approximate that of plasma ([@b11-idmm-25-327],[@b12-idmm-25-327]). The plasma half-life of fluconazole is approximately 30 h, and steady state is achieved within five to seven days following once-daily dosing ([@b11-idmm-25-327]). Approximately 80% of the administered dose is excreted by the kidneys as parent compound, reaching concentrations 10- to 20-fold higher in urine than in plasma ([@b13-idmm-25-327]). In the presence of renal dysfunction or during renal replacement therapy, fluconazole exposure is profoundly altered and appropriate dosage reductions are required ([@b14-idmm-25-327]). The PK relationship between oral dosing and fluconazole serum levels is linear in both healthy volunteers and immunocompromised cancer patients ([@b13-idmm-25-327]).

In summary, fluconazole is a water-soluble drug characterized by rapid absorption, high oral bioavailability, extensive tissue distribution and relatively high plasma concentrations. The direct correlation of fluconazole dose with blood levels provides for a highly favourable and predictable PK profile that does not support the use of TDM.

### Itraconazole:

Only the oral solution and capsule formulations of itraconazole are available in Canada. The bioavailability of itraconazole differs between the oral solution and the capsule formulation. Absorption of the capsule formulation is enhance by high-fat food and at acidic pH ([@b15-idmm-25-327]). Thus, dissolution of the capsules can be facilitated in the stomach using a cola drink or a vitamin C-containing beverage at an acidic pH between 1 and 4 ([@b16-idmm-25-327],[@b17-idmm-25-327]). Capsules should be administered soon after ingesting a meal to ensure optimal systemic absorption ([@b18-idmm-25-327]).

In contrast, the bioavailability of oral itraconazole solution is enhanced by the hydroxypropyl β-cyclodextrin formulation ([@b19-idmm-25-327]) and when administered in the fasting state ([@b20-idmm-25-327]).

Biomolecular barriers in the intestinal lumen impede drug absorption. Hall et al ([@b21-idmm-25-327]) documented two mechanisms that potentially reduce itraconazole absorption. The cytochrome P450 (CYP) isoenzyme CYP3A4 and P-glycoprotein (P-gp) are factors that account for some of the inter- and intrapatient variability in itraconazole absorption. Itraconazole is both a substrate for and potent inhibitor of P-gp and CYP3A4, and has the ability to raise plasma concentrations and enhance the effects of their substrates ([@b22-idmm-25-327],[@b23-idmm-25-327]). Hepatic metabolism of drugs by the CYP3A4 isoenzyme is well documented. In addition, the gene-regulated P-gp transporter-like pump actively removes drugs from enterocytes back into the intestinal lumen, limiting drug absorption. As with CYP3A4, there is significant inter- and intrapatient variation in the intestinal expression of P-gp ([@b21-idmm-25-327],[@b24-idmm-25-327]). Other factors that impact intrapatient variability of drug absorption and bioavailability include mucositis secondary to disease or chemotherapy, nausea and vomiting, dysphagia, inability to intake foods, and potential drug-drug or drug-food interactions. Cyclodextrin in itraconazole oral solutions may, of itself, produce intestinal toxicity ([@b25-idmm-25-327]). Less than 3% of cyclodextrin is absorbed from the gut, and 50% to 64% of cyclodextrin is excreted unaltered in the feces. Cyclodextrin may stimulate intestinal secretion, causing diarrhea ([@b26-idmm-25-327]). Drug accumulation in saliva may alter taste perception and negatively impact food intake ([@b25-idmm-25-327],[@b27-idmm-25-327]). In addition, itraconazole therapy has been associated with negative cardiac inotropic effects in several cases ([@b28-idmm-25-327]). Accordingly, precautions are suggested when long-term itraconazole treatment is considered in patients with ventricular dysfunction and a history of congestive heart failure.

The compound is 99.8% protein bound and has a volume of distribution of approximately 11 L/kg. Only 3% to 18% of the parent compound is excreted in the feces ([@b15-idmm-25-327]). The drug is extensively metabolized by the liver into \>30 metabolites; however, hydroxy-itraconazole is the active metabolite of interest. Itraconazole elimination is biphasic with terminal half-lives reported at 24 h and 30 h, after a single- or multiple-dose regimen, respectively. Steady state is reached after 14 days in healthy volunteers and may take as long to return to steady state after a dosage change. The nonlinear PK properties of itraconazole remains an important determinant of outcome ([@b29-idmm-25-327]). The affinity of itraconazole for the CYP, P-gp and uridine 5-diphosphate enzyme systems also accounts for significant drug interactions. Itraconazole TDM is of value for optimizing itraconazole dosing because of inter- and intrapatient PK variability despite the recommended therapeutic dosing ranges; intrinsic suboptimal absorption of itraconazole, particularly under circumstances of impaired GI integrity; oral intolerance producing poor compliance; and drug-drug interactions. These observations suggest that itraconazole TDM may be advisable in patients treated with itraconazole.

### Voriconazole:

Voriconazole, a triazole derived structurally from its predecessor, fluconazole ([@b30-idmm-25-327]), was developed to provide a broader spectrum of coverage against moulds ([@b31-idmm-25-327]--[@b34-idmm-25-327]). Voriconazole is available as intravenous and oral formulations (both tablet and suspension). Voriconazole possesses a saturable and nonlinear PK profile ([@b35-idmm-25-327],[@b36-idmm-25-327]). A dose-escalation study showed that accumulation and apparent nonlinear PKs of voriconazole are attributable to saturation of its metabolism and systemic clearance ([@b37-idmm-25-327]). Thus, a slight change in dose could produce a large change in plasma concentrations ([@b38-idmm-25-327]).

A steady-state level is achievable in three days with an initial two-dose load given 12 h apart, followed by a maintenance dose administered twice daily, which should enhance the rate of response and, possibly, outcome ([@b36-idmm-25-327]). Without the loading doses, steady-state levels are achieved more slowly, over four to seven days ([@b37-idmm-25-327]).

In the absence of food, voriconazole oral formulations are rapidly and almost completely bioavailable (90%) within 2 h of administration ([@b35-idmm-25-327]). However, food reduces voriconazole bioavailability by as much as 22%, while a high-fat diet reduces area under the curve (AUC) by as much as 24% and the peak serum concentration (Cmax) by as much as 34% ([@b39-idmm-25-327]).

It is recommended that intravenous dosing of voriconazole be based on actual body weight. After either an intravenous or oral loading dose, a maintenance dose of 200 mg orally twice daily is suggested for adults weighing ≥40 kg. Nevertheless, the results of numerous PK studies have demonstrated wide inter- and intrapatient variations in the therapeutic levels associated with fixed maintenance-dose strategies ([@b40-idmm-25-327]--[@b44-idmm-25-327]). Fixed oral dosing of 200 mg twice daily in patients weighing ≥40 kg has resulted in inadequate serum levels. Dosing adjustment of oral maintenance dose to values closer to 4 mg/kg twice daily has been recommended in patients with progressive IFIs ([@b45-idmm-25-327]).

Drug exposure in patients with a normal body mass index (BMI) may increase by 2.5-fold after an increase in dosage of 50%, whereas the exposure is uncertain among patients with BMI ≥30 kg/m^2^. In obese patients, dosing based on actual body weight may increase risk of over-exposure and toxicity. Accordingly, it is recommended that intravenous and oral voriconazole dosing for obese subjects (class II obesity, BMI ≥35 kg/m^2^) should be based on ideal or adjusted body weight ([@b46-idmm-25-327]).

The CYP system critically affects the efficacy and toxicity of a number of drugs, including voriconazole. Voriconazole is both a substrate and an inhibitor of the following CYP systems: CYP2C19, CYP2C9 and CYP3A4 in the liver.

CYP2C19-mediated N-oxidation is the major metabolic pathway for voriconazole ([@b47-idmm-25-327]). Interpatient variability of PK profiles of voriconazole has been linked to genetic polymorphisms in the CYP2C19 isoenzyme ([@b48-idmm-25-327]--[@b52-idmm-25-327]). Genetically determined metabolic groups define voriconazole kinetics as poor metabolizers (PM), heterozygous extensive metabolizers (HEM), extensive metabolizers (EM) and ultrarapid metabolizers (URM).

A spectrum of single-nucleotide polymorphisms leading to molecular variations in the structure of CYP2C19 is partly responsible for the interpatient variations of plasma levels. Within a given population, a CYP2C19\*1 genotype may be classified as a homozygous EM or an HEM. Patients identified to have this allele exhibit slower metabolic rates ([@b53-idmm-25-327]). In contrast, patients with the CYP2C19\*17 genotype are classified as URM. Heterozygous URM patients have been reported with a frequency of 18% to 22% among Swedish, Norwegian, Danish and Ethiopian individuals, and with a very low frequency (4%) in Chinese individuals ([@b43-idmm-25-327],[@b54-idmm-25-327]). Healthy male Chinese volunteers who had this allele had higher clearances of oral voriconazole, resulting in lower AUCs and Cmax, and an increased risk for therapeutic failure ([@b51-idmm-25-327]).

The PM phenotype is defined for CYP2C19 by three different allele combinations (CYP2C19\*2/\*2, \*2/\*3/, \*3/\*3). PMs manifest significantly higher drug exposures than EMs or HEMs ([@b55-idmm-25-327]). The CYP2C19 PM genotype is more prevalent among Asian populations (15% to 20%) compared with Caucasians (2% to 3%) ([@b56-idmm-25-327],[@b57-idmm-25-327]).

Recently, a prospective evaluation in a mainly Caucasian population concluded that CYP2C19 and 2C9 genotypes were not major determinants of voriconazole metabolism ([@b58-idmm-25-327])

Potentiation of drug-drug interactions may occur when voriconazole is coadministered with other drugs, especially when the drugs in question are competing for the same CYP enzyme systems ([@b59-idmm-25-327]).

Despite standard oral and intravenous voriconazole dosing, plasma levels \<1 mg/L may be observed in up to 50% of patients in whom TDM has been assessed ([@b60-idmm-25-327]). The unpredictability of the inter- and intrapatient drug concentration variations fulfills the PK criteria for the use of TDM-guided voriconazole dosing in clinical therapeutic decision making.

### Posaconazole:

Posaconazole is a lipophilic compound. While tablet and intravenous formulations have recently received regulatory approval, most posaconazole main PK/PD characteristics were determined using the oral formulation.

The PKs of posaconazole are characterized by enhanced absorption in a fatty environment, saturable absorption that significantly impacts its bioavailability, a long half-life and a linear elimination independent of CYP biotransformation ([@b61-idmm-25-327]). In healthy volunteers, posaconazole exhibits dose-proportional PK properties. Its absorption is slow and becomes saturable at 800 mg/day; therefore, further dosage increases do not result in increased serum levels ([@b62-idmm-25-327]).

Administration of posaconazole oral solution formulation with food increases the mean AUC and Cmax by 2.6- and threefold, respectively. Coadministration with a high-fat meal increases bioavailability by fourfold compared with the fasting state ([@b63-idmm-25-327]). It is, therefore, recommended that posaconazole oral suspension be administered with a high-fat meal or a nutritional supplement in individuals who are unable to eat or tolerate a meal. Maintaining an acidic gastric environment also optimizes the absorption of posaconazole. A recent crossover study involving five healthy volunteers demonstrated that the coadministration of posaconazole suspension with an acidic cola beverage significantly increased posaconazole gastric concentrations (+102%; P\<0.001) and systemic exposure (+70%; P\<0.05) ([@b64-idmm-25-327]). It was suggested that these enhancements were caused by improved posaconazole solubility in the cola beverage and prolonged gastric residence. As expected, coadministration with a proton pump inhibitor, (esomeprazole) led to increased gastric pH and, therefore, decreased mean plasma and gastric AUC values by 37% and 84%, respectively ([@b64-idmm-25-327]).

The new solid oral tablet formulation of posaconazole does not appear to have high-fat food-related administration or gastric acidity requirements to achieve adequate drug exposure ([@b65-idmm-25-327]).

Posaconazole is highly protein bound (98%) with a large mean apparent volume of distribution (1774 L/kg), indicating extensive extravascular distribution and penetration into intracellular spaces. A recent study involving 20 adult lung transplant recipients revealed a posaconazole concentration in alveolar cells ranging from 27 to 67 times higher than that observed in plasma; levels remained above the minimum inhibitory concentration (MIC) required to inhibit the growth of 90% of organisms for *Aspergillus* species throughout the measurement interval ([@b66-idmm-25-327]).

Although posaconazole has a half-life of approximately 35 h, due to its saturable absorption, the drug is optimally administered in divided daily doses, two to four times daily with no loading dose required ([@b63-idmm-25-327]). Steady-state concentration of posaconazole is achieved in seven to 10 days ([@b62-idmm-25-327]). Given the long half-life of this agent, multiple daily dosing schedules combined yield very little fluctuation in posaconazole serum concentrations once in steady state ([@b67-idmm-25-327]).

Posaconazole exhibits linear PKs. It is not extensively metabolized and circulates in plasma primarily as the parent compound ([@b68-idmm-25-327]). The metabolism of posaconazole is not mediated by CYP oxidation and, therefore, is not affected by coadministration of CYP inducers, inhibitors or by allelic variation as a result of CYP polymorphism. Phase II metabolism is responsible for biotransformation of a small fraction of posaconazole (17%) into glucuronide conjugate. The drug is mostly (77%) eliminated in the feces as unaltered drug, with only 14% eliminated as inactive metabolites in the urine. However, posaconazole inhibits CYP3A4 isoenzyme and P-gp, prompting interactions with drugs metabolized through these pathways ([@b68-idmm-25-327]). The PKs of posaconazole are not greatly affected by renal failure and no dosage adjustment is recommended in case of renal failure ([@b69-idmm-25-327]).

The PK properties of posaconazole show a marked intra- and interindividual variability, especially with regard to the bioavailability of the oral suspension. This variability is tributary to clinical situations. Gubbins et al ([@b70-idmm-25-327]) observed up to 68% variability in PK parameters in 30 neutropenic patients undergoing hematopoietic stem cell transplant (HSCT), attributing their findings to alterations in GI mucosa or reduced food intake. Patients with grade I and II mucositis had almost 50% lower serum concentrations compared with those without mucositis. However, increasing the dosage to 200 mg administered four times daily mitigated this effect. In another study involving 98 patients with refractory IFI or febrile neutropenia, exposure in bone-marrow transplant recipients was 52% lower than in non-bone-marrow transplant patients ([@b71-idmm-25-327]). The coefficient of variation for posaconazole serum concentrations was \>80% at steady state. Vehreschild et al ([@b72-idmm-25-327]) observed that the presence of diarrhea and concomitant use of pantoprazole significantly decreased posaconazole exposure (1.5- and 1.6-fold increase in apparent clearance, respectively) in acute myeloid leukemia (AML)/myelodysplastic syndrome patients. The volume of distribution of posaconazole increases in direct proportion to patient weight, resulting in lower serum levels in heavier patients (33.4 L larger apparent volume of distribution per kg) ([@b72-idmm-25-327]).

Increasing age has been associated with higher posaconazole serum concentrations as a function of age-related reduced volumes of distribution ([@b73-idmm-25-327]). In a recent study, patients with hepatic impairment had an overall 36% increase in exposure (AUC) compared with the group of patients with normal hepatic function ([@b74-idmm-25-327]).

Although posaconazole exhibits linear and predictable PK properties with saturable absorption, gastric acidity and GI integrity influence its bioavailability. Cohorts of ill patients, patients receiving acid-suppressive therapy and those with mucositis or GI graft-versus-host disease (GVHD) experiencing diarrhea are likely to exhibit reduced posaconazole levels. On the other hand, elderly patients and those with hepatic impairment may exhibit higher posaconazole levels.

Drug interactions
-----------------

Drug interactions are commonly reported when azoles are used concomitantly with other medications ([@b75-idmm-25-327]). PK interactions occur when one drug changes the way another drug is absorbed, distributed, metabolized or excreted. Most interactions associated with triazole therapy involve PK mechanisms.

The affinity of triazoles for the CYP, P-gp and uridine 5-diphosphate enzyme systems is the cause of the majority of significant drug interactions. Inhibition and induction of CYP isoenzymes in the liver and the epithelium of the gut, lungs, kidneys and brain are the most common mechanisms of these drug interactions. With itraconazole, the CYP3A4 isoenzyme is responsible for approximately 29% of human liver interactive activity and 70% of GI CYP activity. Inhibition and induction of the P-gp efflux pump may also result in drug interactions, resulting in increased or decreased systemic exposure of concurrently administered drugs that are P-gp substrates. Of note, similar to their affinity for CYP enzymes, triazoles differ in their affinity for P-gp and their ability to inhibit P-gp. Immunosuppressive agents (IMs) (cyclosporine, tacrolimus, sirolimus) and other drugs, such as corticosteroids, chemotherapy agents, GI agents, cardiovascular agents, benzodiazepines, rifamycins and antidepressants, and certain foods may significantly affect or be affected by triazole interactions ([@b75-idmm-25-327],[@b76-idmm-25-327]). For example, grapefruit juice, through inhibition of CYP3A4 and, potentially, P-gp, can increase the serum level of itraconazole ([@b77-idmm-25-327]).

Voriconazole is both a substrate and an inhibitor of CYP isoenzymes. There is a long list of drugs that are potential targets for voriconazole drug-drug interactions including HIV protease inhibitors; vinca alkaloids such as vincristine, vinblastine, vindesine and vinorelbine; phenytoin; proton pump inhibitors; and IMs such as the calcineurin inhibitors (cyclosporine and tacrolimus) and the mammalian target of rapamycin inhibitors (sirolimus and everolimus). The plasma concentrations of IMs that are metabolized by the CYP3A4 isoenzymes are increased when coadministered with voriconazole due to the voriconazole-mediated inhibition of the CYP3A4-driven metabolic pathway. Accordingly, a 50% reduction in cyclosporine and tacrolimus doses have been required to maintain a therapeutic range for these drugs ([@b59-idmm-25-327],[@b78-idmm-25-327],[@b79-idmm-25-327]).

Certain over-the-counter complementary alternative medicines may interact with voriconazole. For example, self-administration of St John's wort (*Hypericum perforatum*) concurrently with voriconazole has been associated with an initial short-term increase of voriconazole plasma concentrations, followed by a prolonged extensive reduction of voriconazole exposure and an increased risk for voriconazole treatment failure ([@b80-idmm-25-327]).

Concomitant administration of rifamycins (rifabutin and rifampin) and voriconazole decreases voriconazole levels and increases rifamycin concentrations to potentially toxic levels. Guidelines caution against the concomitant administration of these two categories of anti-infective agents ([@b81-idmm-25-327]).

Posaconazole interferes essentially only with CYP3A4 isoenzyme and P-gp and is, therefore, less implicated in drug-drug interactions ([@b68-idmm-25-327]). Phenytoin and rifabutin increase posaconazole's clearance ([@b82-idmm-25-327],[@b83-idmm-25-327]). The mechanism of this interaction is not well elucidated but may be due to P-gp induction.

In summary, triazole antifungal antibiotics have significant affinity for the CYP, P-gp and uridine 5-diphosphate enzyme systems, leading to important interactions in clinical practice. In most instances, the interference necessitates dosage adjustment of the nonazole drugs ([Table 2](#t2-idmm-25-327){ref-type="table"}). However, clinicians must also be cognisant of interactions that modify triazole disposition ([Table 3](#t3-idmm-25-327){ref-type="table"}). TDM and multidisciplinary management, including clinical pharmacist services, are components of safe and effective triazole antifungal therapy.

Issues with efficacy and toxicity
---------------------------------

The in vitro activity of fluconazole limits its role to the treatment of *Candida* species and *Cryptoccoccus* species infections. Fluconazole has a predictable dosage-exposure relationship and low serum level variations. Accordingly, fluconazole TDM does not have a role in current practice.

A relationship between itraconazole serum concentration and efficacy has been observed by several investigators. For example, levels ranging from 0.25 mg/L to 1.0 mg/L have been associated with prophylaxis and IFI treatment efficacy ([@b84-idmm-25-327],[@b85-idmm-25-327]). However, few data support a linear relationship between serum levels and itraconazole toxicity. To date, there are no data that support a direct correlation between the rate of toxicity occurrences or hepatic abnormalities and itraconazole levels during treatment ([@b15-idmm-25-327],[@b86-idmm-25-327]). Serum concentrations of \>0.5 mg/L have been associated with an increased risk for GI intolerance ([@b87-idmm-25-327]) in multiple logistic regression analyses. Absorption and drug interaction issues have complicated the use of itraconazole in the prevention and treatment of aspergillosis. With the advent of second-generation triazoles, itraconazole is now commonly considered to be a second choice in the management of IFI.

Voriconazole is a triazole antifungal with in vitro activity against clinically relevant *Candida* species and filamentous fungi, notably *Aspergillus* species, *Fusarium* species (excluding *Fusarium solani* and *Fusarium verticilloides*) and *Scedosporium* species. Voriconazole is a first-line therapy for the management of proven and probable invasive aspergillosis (IA) ([@b88-idmm-25-327],[@b89-idmm-25-327]), with complete and partial response rates of 52.8% compared with 31.6% for amphotericin B deoxycholate, and a 12-week survival benefit of 70.8% versus 57.9% in favour of voriconazole in a randomized trial that permitted switching to other licensed antifungal therapy ([@b90-idmm-25-327]). Voriconazole is indicated for the treatment of candidemia and invasive candidiasis ([@b89-idmm-25-327],[@b91-idmm-25-327]--[@b93-idmm-25-327]). Voriconazole has also been used for prophylaxis against IFI in allogeneic stem-cell transplant patients (greater success was observed with voriconazole than itraconazole, but no difference in rates of proven or probable IFI and overall survival at day 180 were observed compared with fluconazole) ([@b94-idmm-25-327],[@b95-idmm-25-327]). As empirical antifungal therapy in patients with persistent neutropenic fever syndrome, voriconazole failed to achieve noninferiority compared with liposomal amphotericin B but did reduce breakthrough IFI ([@b96-idmm-25-327]). Voriconazole serum levels ranging from 0.5 mg/L to 5.5 mg/L have been associated with clinical response, decreased breakthrough infections and decreased mortality ([@b6-idmm-25-327],[@b41-idmm-25-327],[@b42-idmm-25-327],[@b97-idmm-25-327]--[@b101-idmm-25-327]). However, a variation of more than10-fold has been reported, caused, in part, by considerable heterogeneity among voriconazole's indications (targeted versus empirical versus pre-emptive therapy) and by clinical parameters used by investigators to assess efficacy and toxicity.

Posaconazole is an expanded-spectrum triazole with in vitro activity against clinically relevant *Candida* species, filamentous fungi including *Aspergillus* species, and the more common members of the order Mucorales, particularly *Rhizopus* species. Posaconazole has been studied as salvage therapy for IA ([@b102-idmm-25-327]), and as prophylaxis against IFI compared with fluconazole or itraconazole in high-risk AML patients ([@b103-idmm-25-327]) and patients with acute or chronic GVHD ([@b104-idmm-25-327]). Posaconazole prophylaxis in AML was associated with a reduction in IFI from 8% to 2%, particularly for IA, and with a relative risk reduction of 32.6% in all-cause mortality at day 100 ([@b103-idmm-25-327]). No survival benefit was noted in stem-cell transplant recipients ([@b104-idmm-25-327]). Data collected during two antifungal prophylaxis clinical licensing trials were retrospectively analyzed to assess the exposure efficacy of posaconazole ([@b67-idmm-25-327],[@b105-idmm-25-327]). In HSCT recipients with GVHD, protective serum levels ranged from 0.9 mg/L to 1.36 mg/L, while in AML patients undergoing chemotherapy, the average protective level against IFIs was 0.5 mg/L. Although definitive conclusions on the protective levels of posaconazole prophylaxis could not be clearly established, a putative target steady-state plasma level ≥0.7 mg/L was proposed ([@b106-idmm-25-327]). In postmarketing evaluations of posaconazole prophylaxis, plasma levels ≥0.5 mg/L have been protective against proven and possible fungal infections ([@b107-idmm-25-327],[@b108-idmm-25-327]).

Similar to antifungal prophylaxis trials, treatment trials to establish exposure-efficacy relationships for posaconazole are very limited. In a therapeutic salvage trial of IA, posaconazole mean maximum and average plasma concentrations of 1.5 mg/L and 1.2 mg/L, respectively, were associated with clinical success ([@b102-idmm-25-327]). No correlation between posaconazole serum levels and toxicity was observed. The inability of posaconazole to reach high serum concentrations likely explains this lack of association.

Evidence defining a role for TDM of extended-spectrum triazoles in predicting efficacy is emerging. A recent randomized controlled trial examining the value of TDM with voriconazole in treatment of IFI has been reported ([@b6-idmm-25-327]). Patients with proven or probable IFI (110 patients) were randomly assigned to TDM or non-TDM groups. In the TDM group, dose was adjusted on day 4, targeting a voriconazole blood level of 1.0 mg/L to 5.5 mg/L, while the patients in the standard treatment arm received a fixed dose with no dose adjustment. Assessors were blinded to the TDM results and groups were matched at baseline (including CYP2C19 phenotypes). Global response (complete and partial response) at three months was 57% in the TDM arm compared with 38% (P=0.04) in the fixed-dose arm ([@b6-idmm-25-327]). Overall adverse events were similar in both arms, but there were fewer discontinuations of voriconazole due to adverse events in the TDM arm versus the fixed dose arm (4% versus 17%; P=0.02).

Proper weight-based dosing for voriconazole appears to be essential. A population-based PK/PD study of voriconazole in a cohort of 55 patients with IFI (predominantly hematological malignancies) revealed an oral bioavailability of 0.63 mg/L and large interpatient variability ([@b109-idmm-25-327]). In this study, use of 200 mg twice daily, which is the labelled dose for voriconazole, produced levels \>1.5 mg/L in only 49% of patients. By increasing the oral dose to 300 mg twice daily, a level \>1.5 mg/L was achieved in 68% of patients ([@b109-idmm-25-327]). The results of this study suggests that weight-based loading and subsequent dosing appears to be necessary to produce sufficient levels.

Evidence for TDM when posaconazole is administered for antifungal prophylaxis is limited. A recent multicentre study of posaconazole TDM was reported from six centres in Australia ([@b110-idmm-25-327]). Among recipients of posaconazole for prophylaxis (72 of 86 patients), breakthrough infections were noted in 12 (17%) patients. A review of these prophylaxis failures noted that the median posaconazole levels were significantly lower compared with subjects without prophylaxis failure (median 0.289 mg/L versus 0.485 mg/L, respectively). Furthermore, the median drug levels emerged as an independent predictors of failure by logistic regression analysis (P\<0.05) ([@b110-idmm-25-327]). Risk factors associated with subtherapeutic levels of posaconazole in prophylaxis were GVHD, use of proton pump inhibitors, concomitant drug interactions and diarrhea ([@b110-idmm-25-327]).

Currently, there is a lack of clear understanding of the relationships among achievable blood concentrations of posaconazole and its high tissue levels (a function of the lipophilic nature of the drug), and the safety and efficacy profiles. At present, posaconazole TDM appears to be limited to patients with GVHD of the GI tract, severe diarrhea, potential for drug interactions that lower posaconazole levels and those receiving proton pump inhibitors.

Finally, economic analyses in Canada are also necessary to complement the clinical experience with triazole TDM and to help understand the role of TDM in the practice of clinical mycology. The lack of TDM availability in all Canadian centres likely contributes to the variability in clinical outcomes observed across the country.

TARGET POPULATIONS
==================

Hematology/oncology patients
----------------------------

The incidence of IFIs in cancer patients has increased in recent years, particularly among patients with acute leukemia and those undergoing HSCT ([@b111-idmm-25-327]). IA occurs in an estimated 10% to 20% of HSCT recipients, 10% of patients with AML and approximately 5% of patients with acute lymphoblastic leukemia ([@b112-idmm-25-327]). The increase in IFIs is attributed to the use of more intensive chemotherapy, increasing use of alternative donor source of stem cells and T cell-depleted transplants ([@b113-idmm-25-327]). Mortality rates associated with documented IFIs range from 30% to 60%, and may be higher among patients after HSCT ([@b114-idmm-25-327]).

The importance of triazole antifungal agents in the management of IFIs in patients with hematological malignancies is considerable ([@b90-idmm-25-327],[@b95-idmm-25-327],[@b103-idmm-25-327],[@b104-idmm-25-327],[@b115-idmm-25-327],[@b116-idmm-25-327]). As indicated before, inter- and intrapatient drug exposure to azole antifungals is variable. Poor drug exposure may contribute to breakthrough or progression of IFIs ([@b110-idmm-25-327]), and could interfere with the delivery of an effective anticancer management plan through delays or cessation of therapy, resulting in an increase in all-cause patient mortality rate ([@b114-idmm-25-327],[@b117-idmm-25-327]). In addition, multiple chemotherapeutic and IMs are metabolized via the hepatic CYP system pathways; therefore, the azole antifungals have the potential to interact with many of the drugs used in leukemia and HSCT patients, causing additional morbidity ([@b118-idmm-25-327]). In contrast, relatively few drugs alter the concentration of azoles. However, when such interactions occur, the decreased systemic availability of the azole may compromise efficacy. Of particular note are the drugs that alter gastric acidity, which influence the oral absorption of itraconazole and posaconazole, whereas voriconazole absorption is essentially unaffected ([@b119-idmm-25-327]).

Several investigators have observed a relationship between itraconazole exposure and clinical efficacy in patients with hematological cancer. For example, itraconazole serum levels \>0.25 mg/L have been associated with a higher probability of prophylaxis and treatment success ([@b85-idmm-25-327],[@b120-idmm-25-327],[@b121-idmm-25-327]).

The PK relationship of voriconazole exposure and treatment efficacy has also been evaluated. The impact of voriconazole TDM of trough serum levels in the setting of antifungal prophylaxis was analyzed in recipients of allogeneic HSCT. Breakthrough candidiasis was associated with levels \<0.5 mg/L ([@b122-idmm-25-327]). Successful prophylaxis was correlated with levels \>2 mg/L. This relationship is similar to that observed with itraconazole. Voriconazole exposure toxicity has also been observed. Trough levels ranging from 5.5 mg/L to \>6 mg/L were associated with elevated liver enzymes and cholestatic hepatopathy ([@b101-idmm-25-327]). However, the ability to unequivocally prove this association has been confounded by coadministration of hepatotoxic chemotherapy or conditioning regimens for HSCT, or by coexisting GVHD ([@b38-idmm-25-327]).

An exposure-efficacy relationship for posaconazole has been analyzed following two prophylaxis trials involving patients with hematological cancer and HSCT patients ([@b67-idmm-25-327],[@b105-idmm-25-327]). Serum posaconazole levels obtained 0 h to 16 h postdosing ranging from 0.9 mg/L to 1.36 mg/L have been associated with prophylaxis success in HSCT recipients with GVHD, whereas prophylaxis efficacy among AML patients undergoing chemotherapy appeared to be associated with average serum levels obtained 1 h to 3 h postdosing of 0.5 mg/L. However, low numbers of breakthrough fungal infections were observed in both studies. Other investigators have observed posaconazole prophylaxis efficacy against proven and possible IFIs with plasma levels ≥0.5 mg/L ([@b107-idmm-25-327],[@b108-idmm-25-327]). Based on these observations, a target steady-state plasma level ≥0.7 mg/L has been proposed ([@b106-idmm-25-327]).

A posaconazole exposure to treatment response has also been evaluated in a therapeutic salvage trial of IA predominantly involving patients with hematological malignancies ([@b102-idmm-25-327]). Clinical success was correlated with mean maximum and average posaconazole plasma concentrations of 1.5 mg/L and 1.2 mg/L, respectively ([@b102-idmm-25-327]). Although recent observations suggest that target organ intratissue or intracellular posaconazole concentrations may be of greater clinical relevance ([@b123-idmm-25-327]), the reported relationships between therapeutic efficacy and drug exposure, as estimated through posaconazole plasma concentrations, suggests a value in systematic therapeutic plasma drug monitoring ([@b108-idmm-25-327]).

Breakthrough infections by resistant or emerging pathogens are now being reported more frequently ([@b124-idmm-25-327],[@b125-idmm-25-327]). Recurrence of IFIs with further cycles of intensive chemotherapy or HSCT ranges between 11% and 33% ([@b40-idmm-25-327],[@b118-idmm-25-327]). Therefore, it is important to develop strategies to minimize the risk of recurrence or progression of IFI that may arise subsequently among patients with a history of IFI during previous anticancer treatments. TDM may be able to play an important role in optimizing the efficacy of these strategies ([@b120-idmm-25-327]).

In summary, the consequences of inadequate prevention or treatment of IFI can be devastating. Achieving appropriate drug exposure and minimization of drug toxicity with TDM enhances the likelihood of improved outcomes with antifungal treatment in the highly vulnerable hematology/oncology patient population.

Solid organ transplant recipients
---------------------------------

As mentioned above, there are a number of reasons to pursue TDM for azole antifungal agents in the treatment and prophylaxis of IFIs in solid organ transplant (SOT) recipients. Indeed, there are two issues that are paramount in these patients: assurance of adequate serum levels to attain a favourable outcome (there is a direct exposure-response relationship); and prevention of undesirable adverse effects due to unwanted drug interactions and overexposure. Linked to the former issue is the variability in absorption after oral administration, which is particularly pertinent to certain populations, such as patients with cystic fibrosis who undergo lung transplantation ([@b126-idmm-25-327]). Also linked to the latter issue is the genotypic variation in drug metabolism (CYP2C19 PM versus EM) ([@b126-idmm-25-327],[@b127-idmm-25-327]), which predisposes certain patients to either increased drug interactions and toxicity ([@b128-idmm-25-327]), or low plasma concentrations ([@b126-idmm-25-327]). Information related to the use of azole antifungal agents commonly used in SOT recipients for the treatment of IFI is reviewed relative to the need for TDM.

Because the azole antifungal agents commonly used for SOT recipients are available for administration in both oral and intravenous forms, and IFI treatment requires prolonged duration of therapy, there is greater potential for variability in attaining appropriate serum concentrations of these antifungal agents and, thus, obstacles to ultimately attaining a successful outcome (response to therapy for an IFI or prevention of an IFI in the case of prophylactic use) and greater potential for adverse events and toxicity. In fact, it has been advocated that trough plasma concentrations of at least 0.5 mg/L for itraconazole, ([@b129-idmm-25-327]) 1.5 mg/L ([@b128-idmm-25-327]) or 2.0 mg/L ([@b130-idmm-25-327]) for voriconazole, and \>0.5 mg/L for posaconazole ([@b73-idmm-25-327]) are advisable to ensure an adequate exposure-response relationship in SOT recipients. Although an attempt was made to establish such a relationship for itraconazole in heart and lung transplant recipients, excessive variability was noted and no relationship between a specific trough concentration and response was established ([@b129-idmm-25-327]). With regard to voriconazole, a minimum trough plasma concentration of \>1.5 mg/L has been correlated with successful outcome in treatment/prophylaxis of IFIs in lung and heart transplant recipients ([@b131-idmm-25-327]) as well as critically ill patients, including some SOT recipients in whom a minimum trough plasma concentration of ≥1.5 mg/L was considered to be the benchmark ([@b128-idmm-25-327]). While a minimum trough plasma concentration of 2.0 mg/L has been linked to successful prophylaxis and treatment in allogeneic HSCT and treatment of IFIs in hematological malignancy ([@b130-idmm-25-327]), this trough concentration cutoff has not been verified in SOT recipients. As mentioned, a minimum plasma trough concentration of posaconazole of \>0.5 mg/L in heart and lung transplant recipients was associated with positive outcomes in the prophylaxis or treatment of IFIs ([@b73-idmm-25-327]), Unfortunately, data are lacking in this regard relative to renal, liver and pancreas transplant recipients. In addition, it should be acknowledged that an exposure-toxicity relationship has been far less well defined in solid organ transplantation for voriconazole and posaconazole ([@b130-idmm-25-327],[@b131-idmm-25-327]). Although visual and neurological adverse events may exhibit an exposure-toxicity relationship for voriconazole trough plasma concentrations \>5.5 mg/L ([@b128-idmm-25-327]), this has not been definitively substantiated in SOT recipients.

Pertinent to SOT recipients and of greatest importance are the drug interactions associated with azole antifungal agents and concomitantly administered IM agents (calcineurin inhibitors \[cyclosporine and tacrolimus\] and mammalian targets of rapamycin inhibitors \[sirolimus and everolimus\]). All azoles inhibit CYP3A4 and thus affect the metabolism of cyclosporine, tacrolimus, sirolimus and everolimus. These azoles may also be substrates for and inhibitors of P-gp, thus producing elevated plasma levels of the IMs. However, the effect of the various azoles is not uniform. For example, with cyclosporine, fluconazole inhibition of CYP3A4 is dose dependent, with significant increases in cyclosporine serum levels of two- to threefold occurring with doses of fluconazole ≥200 mg/day after one week of therapy with fluconazole ([@b75-idmm-25-327],[@b132-idmm-25-327]). As for tacrolimus, fluconazole coadministration necessitated a reduction in tacrolimus dose by 40% to 56% to maintain comparable trough serum levels ([@b133-idmm-25-327],[@b134-idmm-25-327]). Prolonged fluconazole treatment also increases sirolimus trough concentration by 3.5 times after seven days ([@b135-idmm-25-327]) and 4.7 times by 22 days of treatment ([@b136-idmm-25-327]).

Itraconazole is 50-fold more potent at inhibiting the metabolism of cyclosporine than fluconazole. Dose reductions of cyclosporine were required and ranged from 33% to 84% in a case series of heart and lung transplant recipients ([@b137-idmm-25-327]) as well as for tacrolimus when coadministered with itraconazole in heart and/or lung transplant patients ([@b138-idmm-25-327]).

A significant drug interaction has been reported between voriconazole and cyclosporine, producing a 1.7-fold increase in the AUC of cyclosporine in a double-blinded, randomized, crossover clinical trial involving renal transplant recipients ([@b78-idmm-25-327]). Once again, a comparable impact of voriconazole on tacrolimus was exhibited ([@b59-idmm-25-327],[@b139-idmm-25-327]).

Coadministration of voriconazole and sirolimus necessitated a marked reduction in sirolimus dosage by 75% to 90% ([@b75-idmm-25-327]) As noted in a case series involving four SOT recipients, sirolimus plasma concentrations were increased by a mean of 9.6-fold in the presence of voriconazole coadministration ([@b136-idmm-25-327],[@b140-idmm-25-327]).

There has been a paucity of studies performed to assess the impact of posaconazole on concomitant administration of calcineurin inhibitors. In one study evaluating the effect of the coadministration of posaconazole on cyclosporine and tacrolimus serum levels, posaconazole necessitated reductions in cyclosporine dosing by 14% to 29% in three of four heart transplant recipients to maintain therapeutic cyclosporin plasma levels ([@b141-idmm-25-327]). In the same study, the concurrent administration of posaconazole and tacrolimus in 34 volunteers was assessed and showed a 358% increase in the AUC of tacrolimus by day 14. Of note, posaconazole PK was unaffected. In another report evaluating the treatment of IFIs in SOT recipients (kidney, lung, heart and liver transplants), posaconazole produced increased calcineurin inhibitor levels in three of 22 (14%) patients ([@b142-idmm-25-327]). Furthermore, in a study involving 12 healthy subjects, the coadministration of posaconazole and sirolimus resulted in an increase in sirolimus maximum serum levels by 6.7 times and the AUC by 8.9 times, respectively ([@b143-idmm-25-327]), demonstrating the properties of posaconazole as an inhibitor of CYP3A4 and sirolimus as a substrate of CYP3A4 ([@b144-idmm-25-327]). Dose adjustments for all the azoles and IMs are presented in [Table 2](#t2-idmm-25-327){ref-type="table"}.

Another potential drug interaction of note between posaconazole and proton pump inhibitors has recently come to light. Shields et al ([@b73-idmm-25-327]) highlighted the fact that posaconazole median serum trough levels were significantly reduced among heart and lung transplant recipients receiving proton pump inhibitors compared with those not receiving proton pump inhibitors. However, H2 antagonists exerted no influence on posaconazole median trough levels.

Therefore, TDM for azole antifungal agents in SOT recipients would appear to be prudent to achieve adequate trough plasma concentrations for the broad-spectrum azole antifungal agents, particularly voriconazole, with its considerable inter- and intrapatient variability, as well as posaconazole, after initiating therapy once steady-state PK properties have been achieved. TDM is useful when transitioning from intravenous to oral therapy to ensure the adequacy of serum levels of oral therapy due to potential variations in absorption in SOT recipients. This approach, targeting minimum trough plasma concentration of ≥1.5 mg/L for voriconazole and \>0.5 mg/L for posaconazole, should consistently provide successful outcomes in both the prophylaxis and treatment of IFIs in SOT recipients. As well, maintaining voriconazole trough plasma concentrations ≤5.5 mg/L may avoid visual and neurological adverse events in SOT recipients. Moreover, recognition of the important drug interactions between the azole antifungal IM agents and proton pump inhibitors is advantageous to enable anticipatory adjustment in the IM dosages to avoid unwanted toxicities in SOT patients.

Pediatric patients
------------------

Several arguments support a role for TDM in the management of pediatric patients receiving selected azole-based antifungal therapy: the PKs of drugs differ considerably with age (from newborns to adolescents), which results in variable drug exposures, and differential efficacy and toxicity profiles that require different dosing; drug dosages in pediatric patients are commonly based on extrapolations from adult data; PK data from children with underlying medical conditions are rare; and oral formulations are typically administered using a nasogastric tube. All of these considerations are supportive of the use of TDM in the pediatric population.

Several studies have shown a direct correlation between fluconazole exposure, in vitro susceptibility and the response to treatment ([@b145-idmm-25-327]--[@b147-idmm-25-327]). However, TDM appears to be unnecessary given the broad fluconazole therapeutic index and the lack of relationship between PK data and toxicity ([@b11-idmm-25-327],[@b148-idmm-25-327]--[@b150-idmm-25-327]).

As in adults, the itraconazole PK parameters obtained using the capsule formulation are substantially inferior to those obtained using the suspension. The AUC is at least 30% smaller, on average, than that observed with the suspension, and the maximum steady-state concentration after capsule dosing is almost 50% less than that observed with the suspension ([@b19-idmm-25-327]). These differences are the direct result of the differences in absorption between the two oral formulations, which are influenced by diet and gastric pH ([@b17-idmm-25-327],[@b20-idmm-25-327]). In addition, the studies conducted in immunocompromised patients found even lower values and even greater variability in these parameters ([@b151-idmm-25-327],[@b152-idmm-25-327]).

Itraconazole is metabolized into a large number of metabolites. Hydroxy-itraconazole (OH-ITZ) is the main metabolite, with plasma concentrations 1.5- to twofold higher than those of itraconazole. In addition, it has antifungal properties comparable with those of itraconazole ([@b153-idmm-25-327],[@b154-idmm-25-327]).

A correlation between concentration and efficacy has been demonstrated in animal models ([@b155-idmm-25-327]) and clinical studies, both for prophylactic ([@b84-idmm-25-327],[@b156-idmm-25-327]) and directed ([@b120-idmm-25-327],[@b157-idmm-25-327]) therapy.

The considerable interindividual variability, which is formulation dependent, and the paucity of pediatric data are arguments for proposing the use of itraconazole TDM in children, especially because the recommended dosages appear to be too low ([@b158-idmm-25-327]). Systematic monitoring of itraconazole concentrations appears to be of greatest use in the most vulnerable patients (congenital or acquired immune deficiency) ([@b158-idmm-25-327],[@b159-idmm-25-327]). However, caution is advocated in the interpretation of levels due to limitations in the analytical methods used to measure bioactive parent compound and metabolites of itraconazole.

Although voriconazole is officially approved only for use in patients ≥12 years of age in Canada, it has been used in younger children, including newborns ([@b160-idmm-25-327]--[@b162-idmm-25-327]). The variability in pediatric serum concentrations appears to be even greater than the variability observed in the adult population ([@b163-idmm-25-327]--[@b165-idmm-25-327]). For example, voriconazole is metabolized to the inactive N-oxide voriconazole (NO-VRC) product more quickly in children. This can be explained by several factors: flavin-containing monooxygenase 3, which plays an important role in voriconazole metabolism, is more active in children than in adults ([@b166-idmm-25-327]); and CYP2C19 plays a greater role in voriconazole metabolism in children than in adults ([@b166-idmm-25-327]). N-oxidation by these two pathways is three- to fivefold greater in children than in adults, while N-oxidation by CYP3A4 is similar between children and adults. In addition, the metabolism of voriconazole by CYP2C19 is subject to the influence of different factors, such as the patient's genetics ([@b51-idmm-25-327],[@b167-idmm-25-327]), age and inflammatory status ([@b168-idmm-25-327],[@b169-idmm-25-327]), drug interactions ([@b170-idmm-25-327]) and hepatic function.

The correlation between voriconazole exposure and clinical efficacy is usually measured by the PK/PD efficacy parameter, the AUC~0--24\ h~:MIC ratio, as reported in both in vitro and animal models ([@b171-idmm-25-327]). Such correlations have been made in clinical studies. However, a systematic calculation of the AUC~0--24\ h~ is difficult to perform in children because of the large number of specimens required and the associated blood loss ([@b172-idmm-25-327]). Other studies have reported an association between clinical efficacy in patients with proven or probable IFIs and residual trough serum concentrations (predose), a manifestation of drug exposure time above the MIC for a given pathogen (T\>MIC) ([@b42-idmm-25-327],[@b97-idmm-25-327],[@b99-idmm-25-327],[@b122-idmm-25-327],[@b173-idmm-25-327],[@b174-idmm-25-327]). A retrospective study of voriconazole measurements in 46 patients by Neely et al ([@b175-idmm-25-327]) reported an association between trough concentrations \>1 mg/L and survival. The mortality rate was 28%, and each residual serum voriconazole concentration \<1 mg/L was associated with a 2.6-fold increase in the risk of death (95% CI 1.6 to 4.8). Accordingly, the measurement of this value may be more feasible for current pediatric practice.

In addition, other studies have reported the existence of a concentration-toxicity relationship with voriconazole. The first adverse effects to be associated with a high concentration were visual disturbances followed by liver function and neurological abnormalities ([@b97-idmm-25-327],[@b173-idmm-25-327],[@b176-idmm-25-327]--[@b179-idmm-25-327]).

The PKs of voriconazole in children are unique and are characterized by a linear elimination. At adult standard doses (4 mg/kg every 12 h), serum levels of voriconazole are approximately threefold lower in children ([@b180-idmm-25-327]). The bioavailability in children ranges from 66% to 80% ([@b175-idmm-25-327],[@b181-idmm-25-327]), approximately 17% to 31% lower than the 90% reported for adults. Given these observations, higher dosing regimens (8 mg/kg/dose every 12 h) of voriconazole have been recommended for children to achieve a serum concentration of \>1 mg/L.

The lack of a duly defined pediatric dosage, the considerable PK variability, the importance of quickly achieving effective concentrations, the narrow therapeutic index and the inability to assess clinical efficacy quickly indicate the prudent use of systematic voriconazole TDM in pediatric patients ([@b6-idmm-25-327],[@b164-idmm-25-327],[@b172-idmm-25-327],[@b175-idmm-25-327],[@b182-idmm-25-327],[@b183-idmm-25-327]).

Posaconazole is approved only in children \>13 years of age. Limited data are available regarding posaconazole's PKs in younger children ([@b184-idmm-25-327]).

The important considerations for posaconazole TDM in children include the interindividual variability, which depends on absorption; the paucity of available pediatric data; the impact on the PK of nasogastric administration of posaconazole in sick children ([@b185-idmm-25-327]); and the need to have the most effective treatment possible for IFIs in vulnerable immunocompromised children. These considerations all support the use of posaconazole TDM in children.

In summary, the paucity of pediatric PK data has made dose-response predictions unreliable. Moreover, the interindividual variability in serum concentration, the potential availability of measurements of azole levels in real time in routine hospital laboratories, the difficulties in the definition of PK/PD efficacy parameters in pediatric populations and the need for these agents to quickly be effective for managing IFIs in vulnerable immunocompromised children are all strong arguments for pursuing azole TDM in pediatric patients.

LABORATORY METHODS
==================

The laboratory practice of azole TDM must consider whether the measurements should be limited to the parent drug only or inclusive of metabolites and other related substances.

Substances to consider for monitoring
-------------------------------------

### Fluconazole:

Approximately 65% to 90% of fluconazole, the only water-soluble antifungal, is excreted unchanged in the urine ([@b10-idmm-25-327],[@b186-idmm-25-327],[@b187-idmm-25-327]). Two metabolites (a glucuronide conjugate of fluconazole and fluconazole N-oxide) are found in small quantities (\<10%) in the urine. Neither possesses antifungal activity. Consequently, measurement of the parent portion only is sufficient for monitoring fluconazole.

### Itraconazole:

Itraconazole is sequentially biotransformed by the liver isoenzyme CYP3A4 into OH-ITZ, and then into keto-itraconazole and N-desalkyl-itraconazole ([@b15-idmm-25-327],[@b27-idmm-25-327],[@b188-idmm-25-327]). OH-ITZ is present in the plasma at concentrations at least equal to and generally greater than those of itraconazole ([@b23-idmm-25-327],[@b189-idmm-25-327]--[@b194-idmm-25-327]). OH-ITZ possesses antifungal properties and activity similar to itraconazole ([@b195-idmm-25-327]). Its concentration should be measured as part of itraconazole TDM ([@b23-idmm-25-327]). Different active stereoisomers are present in the commercial form of itraconazole (Sporanox; Janssen Pharmaceutica, Belgium) and appear to be bio-transformed unequally by CYP3A4 ([@b196-idmm-25-327]). Itraconazole TDM should, therefore, provide the level of each compound that contributes to any antifungal activity or at least provide the sum of these levels in terms of itraconazole parent-form equivalence.

### Voriconazole:

Voriconazole is biotransformed mainly by the hepatic isoenzymes CYP2C19 and CYP3A4, and flavin mono-oxygenase to NO-VRC ([@b47-idmm-25-327],[@b166-idmm-25-327],[@b197-idmm-25-327]). NO-VRC does not have any antifungal activity ([@b198-idmm-25-327]); however, its plasma concentration can vary considerably ([@b50-idmm-25-327],[@b199-idmm-25-327]--[@b201-idmm-25-327]). It has been suggested that a determination of the NO-VRC/voriconazole ratio may provide information about a patient's metabolic phenotype and may play a role in voriconazole-associated hepatotoxicity and phototoxicity ([@b199-idmm-25-327],[@b202-idmm-25-327]--[@b206-idmm-25-327]). It is, therefore, desirable to measure the NO-VRC concentration in addition to that of voriconazole.

### Posaconazole:

Posaconazole is mainly eliminated unchanged in the feces. A smaller quantity is also eliminated in the urine ([@b207-idmm-25-327],[@b208-idmm-25-327]), mostly in the form of three different glucuronide derivatives that appear to exhibit no antifungal activity. Thus, monitoring should be limited to measuring only the parent compound.

Analytical techniques
---------------------

Bioassays or microbiological assays, and instrumental techniques are the two main categories of method used to measure the concentration of antifungal antibiotics. Bioassays can determine the total antifungal activity of a drug, but cannot quantify the individual concentrations of the various components or metabolites of that drug. Conversely, instrumental techniques, such as high-performance liquid chromatography (HPLC) or ultra-HPLC, can quantify individual concentrations of different components of a drug but cannot assess its activity.

Bioassays
---------

Bioassays are inexpensive, and require limited equipment and personnel training. They are relatively simple and require less technician time than HPLC. However, the turnaround time for results is much longer. Bioassay results are usually available after 20 h to 24 h compared with 3 h to 4 h for a chromatographic technique. Some bioassays require a sample of only a few tens of microlitres, while certain chromatographic techniques require a few hundred microlitres. The sensitivity of bioassays varies widely among laboratories and, for any given antifungal, depends mainly on the microorganism used as the marker. The range of concentrations measured by bioassay is narrower than when measured with HPLC. The clinical importance of this limitation is relative. For example, when a target therapeutic threshold serum concentration is set at 1 mg/L, the significance of measuring levels by instrumental means to as low as 0.1 mg/L is negligible.

Diffusion of the body fluid in the agar medium is a critical element in bioassays. Regardless of whether the fluid is transferred onto filter paper and subsequently placed on an agar plate, or inoculated directly into a well of an agar plate, the variable physical diffusion capacity of the drug can yield imprecise inhibition zones and, hence, imprecise drug concentrations. Monitoring drug levels in patients on combination therapy is a major limitation of bioassays. In general, fungal isolates selected as markers (mainly *Candida* species) are susceptible to multiple antifungal agents. The use of strains that are susceptible to the antifungal of interest but resistant to the others may minimize this limitation; however, such strains are not readily available.

Correlation between bioassay and chromatographic techniques for most triazoles is usually very good ([@b209-idmm-25-327]--[@b215-idmm-25-327]). Itraconazole bioassays, however, show much higher concentrations in patient serum samples than those measured with HPLC. Absence of an OH-ITZ analytical standard for the HPLC measurement was believed to be the reason ([@b216-idmm-25-327],[@b217-idmm-25-327]). However, bioassay results remain higher even when combined ITZ and OH-ITZ concentrations are measured by HPLC ([@b27-idmm-25-327],[@b218-idmm-25-327]--[@b221-idmm-25-327]). The total itraconazole concentration (itraconazole + OH-ITZ) in various patients, as measured by bioassay, may be four to six times higher than the concentration of itraconazole alone as measured by HPLC. A collaborative study among five experienced, independent laboratories showed that a correction factor of 1.04 to 5.1 and 0.26 to 2.12 had to be applied if OH-ITZ and itraconazole are used as standards, respectively ([@b220-idmm-25-327]--[@b222-idmm-25-327]). Poor solubility of itraconazole in water and limited diffusion in the aqueous environment of agar gel may cause smaller zones of itraconazole in spiked standards, causing overestimation of drug concentration in blood samples ([@b221-idmm-25-327]). It is difficult to conduct TDM of itraconazole and OH-ITZ based on the concentrations obtained by bioassay. Accordingly, this relegates the measurement of itraconazole by bioassay to a semiquantitative measurement test at best ([@b195-idmm-25-327]).

Instrumental techniques
-----------------------

A considerable number of electrophoretic and chromatographic techniques and methods have been described to measure fluconazole, itraconazole, voriconazole and posaconazole levels in body fluids and tissues ([@b223-idmm-25-327]).

HPLC/ultra-HPLC techniques have become the reference methods for antifungal antibiotic measurements. These techniques are based on detection by spectrophotometry or absorbance and mass spectrometry. Interest in mass spectrometry has increased recently. Mass spectrometry can be used to measure several azole antifungal agents simultaneously, even when combined with echinocandins ([@b224-idmm-25-327],[@b225-idmm-25-327]). Optical techniques are more accessible and are still used in a considerable number of clinical laboratories ([@b226-idmm-25-327]). During the second round of testing in 2012 by the International Interlaboratory Quality Control Program for Antifungal Drugs, set up by Brüggemann et al ([@b226-idmm-25-327]) ([www.kkgt.nl](www.kkgt.nl)), optical and mass spectrometry-based techniques were used at similar rates by the participating laboratories ([Figure 1](#f1-idmm-25-327){ref-type="fig"}). Despite the increasing interest in mass spectrophotometry, developments and improvements in optical techniques continue to be reported ([@b227-idmm-25-327],[@b228-idmm-25-327]).

Other techniques, such as micellar electrokinetic chromatography, are also used. However, reproducibility has been more difficult to achieve than for the HPLC techniques, and this greatly limits clinical utility of micellar electrokinetic chromatography techniques ([@b196-idmm-25-327],[@b229-idmm-25-327]--[@b233-idmm-25-327]).

Although gas-phase chromatography instruments are widely used in clinical laboratories, methods to measure antifungal agents have not been widely developed.

Considerations when choosing an analytical method
-------------------------------------------------

The development of an analytical method for antifungal TDM will be influenced, from an instrumental standpoint, by the characteristics (or limitations) of each component of a liquid-phase chromatographic system and the ability of spectrophotometric detectors to detect interference from other compounds that could elute at the same retention time as the azoles. This is especially important because the wavelengths used for most spectrophotometric techniques for azole anti-fungals are in the low ultraviolet spectrum (210 nm to 260 nm), a range frequently 'contaminated' with other interfering substances ([@b234-idmm-25-327]) Clinical considerations should also include the nature of the antifungals (and their metabolites) to be measured, the nature of biological sample that will be submitted (eg, plasma, serum, cerebrospinal fluid or blood on blotting paper), how often the determinations will be required, and the desired analytical sensitivity (ie, measurement of the total concentration or of only the free active fraction). These different clinical and instrumental variables will guide the choice of chromatographic column and how the sample will be processed (eg, protein precipitation and solid- or liquid-phase extraction). Personnel expertise (theoretical and practical) in chromatographic techniques and the availability of trained technical support for maintaining and repairing the equipment are other considerations that need to be taken into account. Finally, the development of an analytical method for anti-fungal TDM should include validation of the analytical method in accordance with established standards ([@b235-idmm-25-327],[@b236-idmm-25-327]).

In conclusion, measurements of triazoles concentrations in body fluids are easily accessible to most clinical laboratories by bioassay (except for itraconazole) or by chromatographic techniques already established at the centre.

PRACTICAL CONSIDERATIONS
========================

Level of evidence
-----------------

The goal of any antimicrobial therapy is to achieve favourable clinical and microbiological outcomes, and avoid drug-associated toxicity ([@b237-idmm-25-327]). Numerous observations have underscored the unpredictable dose-exposure relationship of several triazole anti-fungal antibiotics and attempts have been made to associate clinical outcome and toxicities to serum levels ([@b15-idmm-25-327],[@b41-idmm-25-327],[@b70-idmm-25-327],[@b238-idmm-25-327],[@b239-idmm-25-327]). Our understanding of the PD relationship of triazole plasma levels and efficacy or toxicity remains poor. The relationship between drug levels and clinical response or toxicity is difficult to establish because of the confounding effects of comorbidities and host immune function. Therefore, recommendations regarding the optimal use of TDM for itraconazole, voriconazole and posaconazole are based on levels of evidence that are likely to change as more definitive data become available.

RECOMMENDATIONS
===============

When should triazole plasma levels be ordered?
----------------------------------------------

-   Triazole TDM should be considered when the anticipated duration of treatment is ≥1 week. (Weak recommendation, low quality of evidence)

-   TDM should be considered in the majority of patients receiving itraconazole. (Strong recommendation, moderate quality of evidence)

-   Levels of voriconazole should be monitored irrespective of formulation and determined no sooner than after three to five days of administration. (Strong recommendation, high quality of evidence)

-   Monitoring of posaconazole should be considered when a nasogastric administration route is used or when coadministration of proton pump inhibitors is used. (Weak recommendation, moderate quality of evidence)

-   Levels of itraconazole and posaconazole should be determined after seven days of administration due to their prolonged half-lives. (Strong recommendation, high quality of evidence)

-   Monitoring of itraconazole, voriconazole and posaconazole may be deemed necessary in pediatric patients due to low serum levels commonly observed following standard recommended dosing. (Weak recommendation, moderate quality of evidence)

When should trough plasma levels be measured?
---------------------------------------------

-   Trough levels should be measured within 30 min before patient dosing. (Weak recommendation, moderate quality of evidence)

Which clinical conditions are appropriate for plasma level monitoring of triazole antifungal agents?
----------------------------------------------------------------------------------------------------

-   Circumstances of suspected signs of toxicity not otherwise explained and presumably associated with high drug exposure. (Strong recommendation, moderate quality of evidence)

-   Circumstances of poor clinical response not otherwise explained or anticipated, and presumably associated to suboptimal drug exposure. (Weak recommendation, moderate quality of evidence)

-   Circumstances involving a risk for drug-drug interactions that could modify the agent's usual PK properties and impact efficacy or toxicity. (Weak recommendation, low quality of evidence)

-   Conditions conducive to poor drug exposure due to triazole antifungal agent formulation or questionable oral absorption due to impaired GI integrity (eg, presence of diarrhea, mucositis, intestinal GVHD) or suspicion of poor compliance to therapy. (Weak recommendation, low quality of evidence)

-   In cystic fibrosis patients and in lung transplant recipients during the early 30-day post-transplant period to individualize voriconazole dosage. (Weak recommendation, high quality of evidence)

**What trough plasma level values should be targeted ([Table 4](#t4-idmm-25-327){ref-type="table"})?**

###### 

Recommended target trough plasma levels

  **Agent**      **Efficacy**                            **Safety**      **Recommendation, level of evidence**   
  -------------- --------------------------------------- --------------- --------------------------------------- ----------------
  Fluconazole    Plasma level monitoring rarely needed                                                           Strong, High
  Itraconazole   ≥0.5 mg/L                               1.0--2.0 mg/L   NA                                      Weak, Moderate
  Voriconazole   ≥0.5 mg/L                               1.5--5.0 mg/L   \<5.5 mg/L                              Weak, Moderate
  Posaconazole   ≥0.7 mg/L                               1.0--1.5 mg/L   NA                                      Weak, Very low

NA Not applicable because of lack of data

Should plasma levels be monitored following change in formulation and/or dosage?
--------------------------------------------------------------------------------

-   Following sequential parenteral-to-oral therapy, plasma levels should be monitored to confirm adequate drug exposure. (Weak recommendation, low quality of evidence)

-   Following dosage adjustment, repeat monitoring should be ordered when steady state of the antifungal agent is obtained. (Weak recommendation, low quality of evidence)

**What are the suggested triazole dose adjustment strategies for patients treated for IFIs ([Table 5](#t5-idmm-25-327){ref-type="table"})?**

###### 

Suggested triazole dose adjustment strategies for patients treated for invasive fungal infections

  **Agent**                           **Measured level, mg/L**   **Dose adjustment**                                             **Recommendation, level of evidence**
  ----------------------------------- -------------------------- --------------------------------------------------------------- ---------------------------------------
  Itraconazole                        \<0.25                     Increase by 50%                                                 Weak, Very low
  ≥0.25 1.0                           Increase by 25%            Weak, Very low                                                  
  \>1.0 and drug-related toxicities   Reduce by 50%              Weak, Very low                                                  
  Voriconazole                        \<0.5                      Increase by 50%                                                 Weak, Low
  ≥0. 5 \<1.5                         Increase by 25%            Weak, Low                                                       
  ≥1.5 \< 5.5                         None                       Weak, Low                                                       
  ≥5.5 and drug-related toxicities    Decrease by 25%            Weak, Low                                                       
  Posaconazole                        \<1.5                      Increase by 30%^[\*](#tfn4-idmm-25-327){ref-type="table-fn"}^   Weak, Very low

Additional strategies to consider: administer with high-fat food; take with acidic drinks; remove acid suppressants; split the dose to 200 mg four times per day versus 400 mg twice daily

When should plasma levels be repeated?
--------------------------------------

-   Any change in the patient clinical condition that could affect the PK/PD of the administered triazole should prompt a repeat monitoring when steady state is achieved. (Weak recommendation, very low quality of evidence)

CONCLUSIONS
===========

Although many patient factors, such as the underlying disease, bone marrow function, nonmyeloid organ dysfunction, performance status, concomitant use of IMs, drug-drug interactions, nutritional status, genetic polymorphisms and host immune status, play an important role in the overall outcome for patients with IFI, the ability to maintain an adequate therapeutic serum concentration of antifungal agents may also be critical. Prospective studies are needed to validate the clinical utility of triazole antifungal agents TDM and to clarify its role in the standard of care of patients.
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-   (Fungal adj3 infection) and (hematol adj2 oncology) or (acute adj2 leukemia) or (bone adj2 marrow adj2 transplant)

-   (Plasma adj2 cc) and (efficacy or toxicity)

-   (antifungal adj2 (drug adj2 interaction)

-   (biotransformation or N-oxide or genetic polymorphism or CYP3A4).

-   (front adj2 loading)

-   (Fungistatic and fungicidal)

-   (High Performance Liquid Chromatography or HPLC)

-   (internal standard or (certificate adj2 analysis))

-   (kinetic adj1 model)

-   (nonlinear and Michaelis-Menten and pharmacokinetics).

-   (Paediatric or pediatric) and (Toxicity or level or monitor)

-   (plasma and (efficacy or toxicity))

-   (plasma or saliva) adj3 concentration)

-   (saturation adj3 metabolism)

-   (slow or rapid) adj2 metabolizer

-   (Solid organ transplant or Lung transplant)

-   (species-specific and time-kill)

-   (therapeutic adj3 level) or (serum adj3 level)

-   (therapeutic adj3 level) or (serum adj3 level)

-   (time adj2 kill) and (studies or study or trial)

-   (Trough adj2 level) or (random adj2 Level) or (hepatic adj2 toxicity) or (visual adj2 disturbance)

-   (Fluconazole, Itraconazole, Voriconazole. Posaconazole and monitoring or level

-   bioassay

-   blot paper

-   CYP2C19 protein

-   CYP2C19 protein

-   dose or dosing or dosage or quantit

-   dose or dosing or dosage or quantit

-   front adj2 loading

-   mass spectrometry

-   metabolism

-   pharmacodynamics

-   pharmacokinetic or PK

-   pharmacokinetics

-   population pharmacokinetics

-   proficiency testing

-   risk adj2 benefit

-   risk adj2 benefit

-   SIRS

-   therapeutic drug monitoring or tdm

-   therapeutic adj2 drug adj2 monitor or tdm

![Number of laboratories, among the 57 that participated in the second round of the International Interlaboratory Quality Control Program for Antifungal Drugs in 2012, that used liquid chromatography techniques coupled to either ultraviolet/diode array/fluorescence (UV-DAD-FL) or mass spectrometry/tandem mass spectrometry (MS/MS-MS) detectors for quantification of azole antifungal. From: International Interlaboratory Quality Control Program for Antifungal Drugs, Second Round 2012. Theoret Y, Personnal Communication](idmm-25-327-1){#f1-idmm-25-327}

###### 

Definitions of quality of evidence in the Grading of Recommendations Assessment, Development and Evaluation (GRADE) system

  **Quality of evidence**   **Basis for recommendation**
  ------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------
  High                      Further research is very unlikely to change our confidence in the estimate of effect
  Moderate                  Further research is likely to have an important impact on our confidence in the estimate of effect and may change the estimate
  Low                       Further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to change the estimate
  Very low                  Any estimate of effect is very uncertain

###### 

Effect of triazoles on coadministered drugs

  **Coadministered drug**                                           **Effects of triazoles on coadministered drugs**                                                                                                                                                                                                           
  ----------------------------------------------------------------- -------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------------
  Cyclosporine (CSA) ↑ concentrations                               Dose of CSA should be reduced to one-half of the original dose                                           Dose of CSA should be reduced to three-quarters of the original dose                         Dose of CSA may require a 50% reduction              Careful monitoring of immunossupressive drugs is advised
  Tacrolimus (TAC) ↑ concentrations                                 Dose of TAC should be reduced to one-third of the original dose                                          Dose of TAC should be reduced to one-third of the original dose                              Dose of TAC may require a one-third reduction        
  Sirolimus (SIR) ↑ concentrations                                  Coadministration contraindicated                                                                         Theoretically monitor SIR concentrations                                                     Dose of SIR may require 50% to 90% reduction         
  Rifabutin ↑ concentrations                                        Coadministration contraindicated                                                                         Coadministration contraindicated                                                             Coadministration contraindicated                     Coadministration is not advised
  Phenytoin ↑ concentrations                                        Frequent monitoring of phenytoin levels is recommended                                                   Dosage reduction may be considered. Frequent monitoring of phenytoin levels is recommended                                                        
  Ergot alkaloids ↑ concentrations                                  Coadministration contraindicated                                                                         Coadministration contraindicated                                                             Coadministration contraindicated                     Coadministration contraindicated
  Vinca alkaloids ↑ concentrations                                  Use with caution, following a 48 h wash-out period                                                       Use with caution, following a 48 h wash-out period                                           Use with caution, following a 48 h wash-out period   Dosage adjustment for vinca alkaloids may be necessary
  HMG-CoA reductase inhibitors (statins) ↑ concentrations           Statin dosage reduction may be necessary. Frequent monitoring for ADRs (rhabdomyolysis) is recommended                                                                                                                                                     
  Dihydropiridine calcium channel blockers (CCB) ↑ concentrations   Monitor for signs of CCB toxicity. Dosage reduction may be necessary                                                                                                                                                                                       
  HIV protease inhibitors ↑ concentrations                          Check individual agent. Monitor for signs of protease inhibitor toxicity                                                                                                                                                                                   
  Sulfonylurea oral hypoglycemics ↑ concentrations                  Sulfonylurea dosage reduction may be necessary. Monitor for signs of hypoglycemia                        --                                                                                           --                                                   --
  Midazolam ↑ concentrations                                        Frequent monitoring of oversedation is recommended                                                       Dosage reduction should be considered                                                        Contraindicated                                      Careful monitoring is advised

↑ *Increase; HMG-CoA 3-hydroxy-3-methyl-glutaryl-coenzyme A*

###### 

Effect of coadministered drugs on triazoles

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Coadministered drug**                      **Effect on the triazole**                                                                                                                                                               
  -------------------------------------------- ------------------------------------------------------------- ------------------------------- ------------------------------------------------------------------------------------------ ---------------------------------------------
  Cimetidine (pH effect and CYP3A4 inhibitor   Not clinically significant                                    ↓ AUC by 39%. Contraindicated   ↓ AUC. Acid-reducing agents should be avoided                                              ↓ serum level only with oral administration

  Rifabutin (UDP-G and CYP inducer)            ↓ serum level Contraindicated                                 ↓ AUC by 50%. Contraindicated   ↓ serum level by 90%                                                                       --

  Phenytoin (UDP-G and CYP inducer)            ↓ serum level\                                                ↓ AUC by 50%. Contraindicated   ↓ serum level by 90%                                                                       --
                                               Increase empirical dosage TDM recommended                                                                                                                                                

  Carbamazapine                                ↓ serum level Contraindicated                                 --                              ↓ serum level Contraindicated                                                              --

  HIV protease inhibitors (CYP inhibitor)      ↑ serum level TDM recommended                                 --                              ↑ serum level Check individual agents. May need to limit itraconazole dose to 200 mg/day   Unlikely. Check individual agents

  Ritonavir (CYP inducer)                      ↓ serum level\                                                --                              ↑ serum level\                                                                             --
                                               Administration with high-dose ritonavir is contraindicated\                                   Limit itraconazole dose to 200 mg/day                                                      
                                               TDM with low-dose ritonavir                                                                                                                                                              
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AUC Area under the curve; CYP Cytochrome P450; TDM Therapeutic drug monitoring; UDP-G UDP-glucuronidase
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